Fibulin (fbln)-5 is an elastin-binding protein required for assembly and organization of elastic fibers. To examine the potential role of fbln-5 in vascular remodeling and neointima formation, we induced vascular injury by carotid artery ligation in fbln-5 ؊/؊ mice. Mutant mice displayed an exaggerated vascular remodeling response that was accompanied by severe neointima formation with thickened adventitia. These abnormalities were not observed in elastin ؉/؊ mice that exhibited a comparable reduction of vessel extensibility to fbln-5 ؊/؊ mice. Thus, the severe remodeling response could not be attributed to altered extensibility of the vessel wall alone. Vascular smooth muscle cells cultured from fbln-5 ؊/؊ mice displayed enhanced proliferative and migratory responses to mitogenic stimulation relative to wild-type cells, and these responses were inhibited by overexpression of fbln-5. These findings demonstrate the importance of the elastic laminae in vascular injury, and reveal an unexpected role of fbln-5 as an inhibitor of vascular smooth muscle cell proliferation and migration.
V ascular obstructive abnormalities, such as atherosclerosis and restenosis after percutaneous coronary intervention, are triggered by damage to the vessel wall, initiating a series of biological responses, including up-regulation of adhesion molecules, recruitment of inflammatory cells, secretion of cytokines, and activation of smooth muscle cells (SMCs). Activated SMCs secrete growth factors, extracellular matrix proteins, and matrix proteases, thereby altering the microenvironment of the injured vessel wall. Much attention has focused on the signaling pathways responsible for the proliferation and migration of SMCs associated with vascular obstruction, but relatively little is known of the potential contributions of extracellular matrix proteins to these processes (reviewed in ref. 1) .
Structural changes of the vessel wall induced by mechanical force or enzymatic digestion also influence the development of vascular obstructive disease (2, 3) . The elastic lamina plays a critical role in maintaining the integrity of the vessel wall. Rupture of the external elastic lamina (EEL) is a more potent stimulus for neointima formation than injury involving the internal elastic lamina (IEL) alone after coronary artery stent-induced injury (4) . In addition, exposure of the adventitia to the blood lumen by disruption of the EEL during percutaneous angioplasty increases the activation of adventitial myofibroblasts, leading to adventitial fibrosis that eventually constricts the vessel wall (5) .
The perception of the elastic lamina (or elastic fibers) as the sole structural component of the vessel wall was recently challenged by the view that elastic fibers actively modulate intercellular signaling. Elastin (eln), a major component of the elastic fibers in the arterial wall, inhibits proliferation of SMCs (6) . Eln is secreted as a tropoelastin monomer and subsequently undergoes cross-linking to form an insoluble eln polymer. SMCs cultured from the aortas of eln Ϫ/Ϫ mice show enhanced proliferation that is inhibited in a dose-dependent manner by recombinant tropoelastin (7) . In addition, eln sheath-coated stents were reported to be effective in reducing neointima formation in a porcine coronary injury model of in-stent restenosis (7) . Interestingly, overexpression of a variant form of the proteoglycan versican 3 increases expression of tropoelastin mRNA and facilitates elastic fiber assembly within the neointima, thus contributing to a more compact neointima (8) . It is conceivable that these proteins may be involved in a negative-feedback loop to inhibit overproliferation of SMCs, either directly or indirectly, by creating a microenvironment nonpermissive for proliferation. Fibulin (fbln)-5 contains tandem repeats of calcium-binding epidermal growth factor-like domains and localizes on the surface of elastic fibers (9) . It binds eln and subsets of integrins and elastic fiber-associated proteins (10) (11) (12) . Our group and others showed that fbln-5 Ϫ/Ϫ mice exhibited a systemic elastinopathy, including loose skin, emphysematous lungs, and tortuous blood vessels, which is indicative of an essential role for fbln-5 in elastic fiber development in vivo (10, 11) . In fbln-5 Ϫ/Ϫ mice, the elastic laminae in the aorta were disorganized, forming multiple aggregates instead of smooth, organized lamellar sheets, thus leading to a loss of integrity of the vessel wall. Recent reports on genetic mutation or variation of the fbln-5 gene in cutis laxa and age-related macular degeneration patients, respectively, underscore the critical role of fbln-5 in assembly and organization of elastic fibers in vivo (13) (14) (15) .
In addition to its significance in elastic fiber development, the potential involvement of fbln-5 in vascular injury is suggested from the observation that fbln-5 is up-regulated in the late stage of neointimal lesions induced by balloon injury and in the endothelial layer of fibrous atherosclerotic plaques (9) . In this study, we investigated the potential role of fbln-5 in vascular injury by comparing the remodeling process of wild-type and fbln-5 Ϫ/Ϫ vessels, using a carotid artery ligation model. We show that fbln-5 Ϫ/Ϫ mice are more susceptible than wild-type mice to severe neointima formation and altered remodeling after carotid artery ligation. Moreover, fbln-5 Ϫ/Ϫ SMCs exhibit increased proliferative and migratory responses to mitogenic stimulation that are suppressed by overexpression of fbln-5. These results suggest that the elastic lamina is critical for maintaining integrity of the vessel wall during vascular injury and reveal an unexpected role of fbln-5 as an inhibitory matrix molecule for SMCs.
Methods
Mice. Ϫ/Ϫ mice and eln ϩ/Ϫ mice were maintained on a C57BL6 ϫ 129/SvEv hybrid background (11, 16) . Fbln-5 Ϫ/Ϫ mice and their littermates ranging in age from 6 to 12 months, and closely age-matched eln ϩ/Ϫ mice, were used for the studies. All animal experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committees.
Adenovirus. A full-length rat fbln-5 cDNA with a FLAG epitope tag was cloned into the pACCMVpLpA (Ϫ) loxP-SSP vector (17) . A multiplicity of infection of 50 viruses per cell was used in all experiments. Infection efficiency was almost 100% as judged by GFP expression in SMCs after infection, and secretion of fbln-5 into media was confirmed by Western blot analysis.
Carotid Artery Ligation Model. Carotid artery ligation was performed as described (18) .
Histology and Immunostaining. Hematoxylin͞eosin was used for routine histology, and modified Hart's stain and Masson's trichrome stain were used for elastic fiber and collagen fiber staining, respectively. Immunostaining with anti-SM ␣-actin (1:400, Sigma) and anti-calponin (1:10,000, Sigma) were performed.
Morphometric Analysis. The left and right carotid arteries were cut 1 mm proximal to the ligature and embedded transversely in paraffin. The first transverse section was designated as level 0 (1,000 m proximal to the ligature). Sections were obtained at 100, 200, 300, 400, 500, and 900 m and stained for Hart's. Morphometric analysis was performed at level 400 in each set of ligated and nonligated contralateral carotid arteries (WT, n ϭ 5; fbln-5 Ϫ/Ϫ , n ϭ 6; and eln ϩ/Ϫ , n ϭ 5) using NIH IMAGE software (National Institutes of Health).
BrdUrd Labeling of Carotid Artery. BrdUrd (Sigma) at 100 g͞g of body weight was administered i.p. every day after 48 h of ligation until day 14 when mice were killed to harvest carotid arteries. Serial transverse sections were made at level 0-140 and antiBrdUrd immunostaining was performed as described (19) .
In Situ Hybridization Analysis. 35 S-UTP-labeled antisense riboprobes for fbln-5, eln, and SM ␣-actin were transcribed and hybridized as described (9) , and exposed for 28 days.
Electron Microscopy. The left carotid artery from wild-type (n ϭ 4) and fbln-5 Ϫ/Ϫ (n ϭ 5) mice was harvested after 28 days of ligation and prepared for electron microscopic observation as described (20) .
Isolation of Vascular SMCs. SMCs were isolated from postnatal day 1 aortas as described in Supporting Methods, which is published as supporting information on the PNAS web site. Three independent preparations were used in this study.
Cell Proliferation Assay. Cells were plated at a density of 1,000 cells per well in 96-well dishes in serum containing media, then serum-starved for 24 h to synchronize the cell cycle, and stimulated with 50 ng͞ml human platelet-derived growth factor (PDGF)-BB (Roche Diagnostics) for 24 or 48 h. For overexpression of fbln-5 in fbln-5 Ϫ/Ϫ SMCs, cells were infected with adenovirus expressing rat fbln-5-FLAG for 3 h at 37°C in media containing 10% FBS before plating in 96-well dishes. Cell numbers were quantified using Cell Titer 96 Aqueous One solution (Promega) according to manufacturer's instructions.
Modified Boyden Chamber Migration Assays. Two-well chambers separated by a filter (Chemicon, 8-m pore size) coated with collagen type I was used in the experiment. A total of 5 ϫ 10 4 cells were added to the upper chamber and serum-starved for 24 h. PDGF-BB (50 ng͞ml) was added to the lower chamber and incubated for 6 h. Cells that migrated on the filter were stained according to the manufacturer's instructions, and cell numbers were counted by microscopy.
In Vitro Scratch Assay. Cells were plated at Ϸ80% confluency in six-well dishes, allowed to reach confluence, and serum-starved for 24 h. Media was changed to DMEM containing 10% FBS, and a sterile 1-ml pipette tip was used to administer the scratch injury. Cells were allowed to migrate into the cleared zone for 6-12 h and fixed in 3.7% formaldehyde. Still images were captured, and cells were scored based on the distance migrated from the left border of the scratch injury.
Vessel Extensibility Measurement. The isolated left carotid artery was cannulated and mounted on a pressure arteriograph (Living Systems Instrumentation, Burlington, VT) as described (21) . Vessels were transilluminated under an inverted microscope connected to a charged-coupled device camera and computerized system, allowing a continuous recording of the vessel diameter.
Statistical Analysis. All data were expressed as the mean Ϯ SEM. Statistical analysis was performed by unpaired Student's t test or ANOVA with a Tukey-Kramer posttest. A Kruskal-Wallis nonparametric test with a Dunn's posttest was used when the SD was significantly different among the group. A P value of Ͻ0.05 was considered statistically significant.
Results

Up-Regulation of fbln-5 and eln in Neointimal Lesions Induced by
Carotid Artery Ligation. To begin to explore the potential involvement of fbln-5 in neointima formation, we examined fbln-5 expression in the vessel wall in wild-type mice by in situ hybrid- (Fig. 1D ). The expression of fbln-5, eln, and ␣-SM actin was barely detectable in the unligated artery ( Fig. 1 B and C and data not shown). Fbln-5 and eln expression was increased dramatically in the neointima ( Fig. 1 E and F) on postoperative day 28, but not at earlier time points. Mild up-regulation of fbln-5 was also observed in the adventitia (Fig.  1E, arrow) . Cells within the neointima also expressed ␣-SM actin, a marker for early-stage SMCs (data not shown, also see Fig. 6I , which is published as supporting information on the PNAS web site). These findings show that eln and fbln-5 expression is activated in the late stage of neointimal formation.
Increased Vessel Diameter and Neointima Formation in fbln-5 ؊/؊
Mice. The ligated carotid artery undergoes initial outward remodeling, followed by vessel shrinkage and neointima formation, resulting in narrowing of the lumen (22) . To examine whether the loss of fbln-5 affected the vascular response to injury, we first compared the remodeling of the vessel 28 days after the ligation in wild-type and fbln-5 Ϫ/Ϫ left carotid arteries. Transverse sections of ligated and contralateral vessels were stained with hematoxylin͞eosin ( Fig. 2) . In the wild-type vessel, the most prominent neointima was observed at level 0 (1,000 m proximal to the ligature) and significantly decreased as the sections advanced away from the ligature (Fig. 2 Left) . The results obtained in the fbln-5 ϩ/Ϫ mice were identical (data not shown). Fbln-5 Ϫ/Ϫ vessels frequently developed a complex lesion of organized thrombus and SMC proliferation adjacent to the ligature (Fig. 2 Right) . Multiple small vessels formed within the organizing thrombus, and a significant neointimal hyperplasia was seen that extended to level 900 (data not shown). The diameter of the fbln-5 Ϫ/Ϫ vessel was significantly larger than that of wild-type vessels, the adventitia surrounding the ligated vessel was hypercellular, and the medial layer was much thinner than that of the wild-type vessel. Comparable vascular lesions developed in younger fbln-5 Ϫ/Ϫ mice (between 2 and 3 months old, data not shown). These data suggested that fbln-5 Ϫ/Ϫ vessels failed to undergo constrictive remodeling at day 28.
Eln and collagen were both present in the neointima of wild-type and fbln-5 Ϫ/Ϫ vessels (Fig. 6 B, G, C, and H). Immunostaining at level 400 revealed that the cells forming the neointimal lesion in the fbln-5 Ϫ/Ϫ vessel were strongly positive for ␣-SM actin (Fig. 6I, arrow) , but only weakly positive for calponin, which is a late-stage differentiation marker for SMCs (Fig. 6J,  arrow) .
To determine whether there was an increase in cell proliferation at earlier stages of vascular injury in fbln-5 Ϫ/Ϫ mice, we injected BrdUrd i.p. daily, starting 48 h after ligation. At day 14, we killed the animals, and immunostained the transverse sections of the ligated artery with anti-BrdUrd antibody. The number of BrdUrd-positive cells was dramatically increased in the adventitia of the fbln-5 Ϫ/Ϫ vessel (mean Ϯ SEM ϭ 186.6 Ϯ 14.4, n ϭ 5) compared with the wild-type vessel (mean Ϯ SEM ϭ 17.8 Ϯ 3.1, n ϭ 4). A more modest increase in BrdUrd staining was seen in the media. Thus, an exacerbated proliferative response within the adventitia and media may contribute to neointima formation with resulting reduction in the luminal area of the vessel.
Carotid Arteries of fbln-5 ؊/؊ and eln ؉/؊ Show a Similar Reduction in Extensibility. To determine the potential influence of fbln-5 on vascular mechanical properties, we compared the extensibility of left carotid arteries from wild-type and mutant mice (Fig. 3A) . The outer diameter of wild-type and fbln-5 ϩ/Ϫ arteries extended similarly in response to increasing pressure. In contrast, a significant reduction in the extensibility of fbln-5 Ϫ/Ϫ carotid arteries was found when pressures of Ͼ100 mmHg were applied to the vessel (P Ͻ 0.05), which was similar to what was previously observed in eln ϩ/Ϫ vessels (21). Therefore, we performed carotid artery ligation in eln ϩ/Ϫ mice to compare with fbln-5 Ϫ/Ϫ and wild-type mice (Fig. 3 B-D) . As shown in Fig. 3D , eln ϩ/Ϫ carotid arteries displayed an increased number of lamellar units as previously reported (23) . However, unexpectedly, eln ϩ/Ϫ mice did not exhibit exacerbated outward remodeling after 28 days of ligation, and the degree of neointima formation was considerably less than was seen in fbln-5 Ϫ/Ϫ mice (Fig. 3C) .
To compare development of vascular remodeling quantitatively between wild-type and mutant mice, we made transverse sections at 1,400 m proximal to the ligature (at level 400) and performed morphometric analysis. The fbln-5 Ϫ/Ϫ -ligated vessels, but not eln ϩ/Ϫ vessels, had an increased perimeter of both the EEL and IEL when compared with wild-type vessels (Fig. 4 A  and B) . In contrast, no difference was found between fbln-5 Ϫ/Ϫ and wild-type vessels on the contralateral side (Fig. 4 A and B) . These results suggested that fbln-5 Ϫ/Ϫ vessels failed to shrink and adjust vessel size after the ligation, which is most likely due to the absence of organized elastic lamina. The thickness of the media was also significantly reduced in the fbln-5 Ϫ/Ϫ vessels, and to a lesser extent in eln ϩ/Ϫ vessels (Fig. 4C ). This finding suggested that either a change in quality (i.e., disrupted elastic laminae in fbln-5 Ϫ/Ϫ vessels) or quantity (i.e., reduced eln amount in eln ϩ/Ϫ vessels) of elastic laminae resulted in failure to maintain the vascular wall thickness in response to cessation of blood flow. We found an increase in wall thickness and a decrease in IEL and EEL perimeter in nonligated contralateral eln ϩ/Ϫ vessels when compared with wild-type and fbln-5 Ϫ/Ϫ vessels. This finding may be related to a specific function of eln within the vessel wall, and further examination is required to clarify this phenomenon. As shown in Fig. 4D , a significant increase in intima͞media ratio was observed in fbln-5 Ϫ/Ϫ mice but not in eln ϩ/Ϫ mice or wild-type mice. Together, these findings suggest a potential regulatory role of fbln-5 in the proliferation and͞or migration of vascular cells, in addition to its structural role in the vessel wall.
Disruption of Elastic Fiber Assembly in the Neointima of fbln-5 ؊/؊
Mice. We wondered whether the accelerated neointima formation in fbln-5 Ϫ/Ϫ mice might be due to insufficient deposition or incorporation of eln into elastic fibers within the neointimal lesion. To investigate this possibility, we examined the neointima of ligated fbln-5 Ϫ/Ϫ vessels and wild-type vessels by electron microscopy. As shown in Fig. 5A , normal solid, amorphous elastic fibers were seen in the neointima of wild-type mice. In contrast, eln deposition and assembly in the neointima of the fbln-5 Ϫ/Ϫ vessel was defective, and resulted in the formation of discontinuous, bead-like structures (Fig. 5B, double arrows) . Thus, in the absence of fbln-5, newly formed elastic fibers failed to assemble and mature properly.
Suppression of Proliferation and Migration Phenotypes of fbln-5 ؊/؊
SMCs by Forced Expression of fbln-5. The abnormalities in vessel remodeling in fbln-5 Ϫ/Ϫ mice suggested a role for fbln-5 as a negative regulator of cell proliferation and͞or migration. To directly explore the potential influence of fbln-5 in these processes, we isolated primary SMCs from aortas of wild-type pups and fbln-5 Ϫ/Ϫ pups at postnatal day 1. Proliferation of fbln-5
SMCs was determined by analyzing the cell number using a tetrazolium compound reduction assay. No difference in proliferation was observed between fbln-5 Ϫ/Ϫ SMCs and wild-type SMCs when cultured under serum-free conditions. However, in the presence of PDGF, fbln-5 Ϫ/Ϫ SMCs showed a 2-fold increase in proliferation compared with wild-type cells (Fig. 5C) .
Migration of fbln-5 Ϫ/Ϫ SMCs was examined by using modified Boyden chamber assays (Fig. 5D) . No difference in migration was seen between wild-type and fbln-5 Ϫ/Ϫ SMCs when cells were grown in the absence of PDGF. Addition of PDGF resulted in a significantly increased number of fbln-5 Ϫ/Ϫ SMCs that migrated through the filter as compared with wild-type cells.
To examine whether we could suppress the increased proliferation of fbln-5 Ϫ/Ϫ SMCs, fbln-5 Ϫ/Ϫ SMCs were infected with adenovirus expressing rat fbln-5 or GFP, and proliferation was assessed. Fbln-5 Ϫ/Ϫ SMCs expressing fbln-5 showed a significant decrease in cell number after 48 h of incubation with PDGF compared with GFP-infected cells (Fig. 5E) . Overexpression of fbln-5 also suppressed serum-induced proliferation of fbln-5 Ϫ/Ϫ SMCs and fbln-5 ϩ/Ϫ SMCs (data not shown). We did not detect any increase in eln (as judged by Western blots) in fbln-5-overexpressing SMCs compared with GFP-infected cells, suggesting that the suppressive effect of fbln-5 was not due to increased production of eln (data not shown).
Next, fbln-5-and GFP-infected fbln-5 Ϫ/Ϫ cultures were subjected to in vitro scratch assays, and migration toward the wound was assessed after 6 h in the presence of 10% serum. Overexpression of fbln-5 significantly suppressed migration of fbln-5 Ϫ/Ϫ SMCs (Fig. 5F ). Similar results were obtained with fbln-5-infected PAC-1 pulmonary vascular SMCs that express a large amount of endogenous fbln-5 (data not shown). It is unlikely that mature elastic fibers were assembled during the relatively short culture period (6-48 h) or under nonconfluent conditions that we used in our cell migration͞proliferation assays (24) . We propose that the inhibitory effect of fbln-5 is most likely mediated by an elastic fiber-independent mechanism.
Discussion
The results of this study show that fbln-5 Ϫ/Ϫ mice display severe neointima formation and abnormal vascular remodeling after flow cessation-induced vascular injury. Two distinct mechanisms seem to account for the exaggerated vascular remodeling phenotype of fbln-5 Ϫ/Ϫ vessels: (i) loss of structural integrity of the vessel wall and inability to assemble mature elastic fibers within vessels failed to undergo constrictive remodeling after 28 days of ligation. The reduction of vessel diameter after ligation-induced injury reflects changes in vessel structure, rather than SMC contraction (18) . Our previous finding that fbln-5 Ϫ/Ϫ vessels respond normally to vasoconstrictors supports this notion (11) .
Digestion of elastic laminae by matrix metalloprotease (MMP) 2 and MMP 9 is frequently observed during the development of vascular obstructive disease (25) , and MMP 2 has been shown to increase intimal hyperplasia by enhancing SMC migration through the media to the intima (26) . Thus, the disrupted elastic laminae of the fbln-5 Ϫ/Ϫ vessel wall may facilitate the migration of SMCs. However, reduced extensibility of the vessel wall does not completely account for the exacerbated remodeling phenotype of the fbln-5 Ϫ/Ϫ vessels because eln ϩ/Ϫ mice, which showed reduced extensibility of the carotid artery similar to that of fbln-5 Ϫ/Ϫ mice (21), did not develop exaggerated neointima formation. In addition, eln ϩ/Ϫ mice show less neointimal lesion formation than wild-type animals in a probe-induced transmural injury model. (R.P.M., unpublished observation). This finding suggests that the remodeling process depends not only on the amount of eln but also on an intact connection between elastic fibers and surrounding cells.
It is interesting to note that fbln-5 Ϫ/Ϫ -ligated vessels frequently developed thrombi. The close relation between thrombus formation and neointima hyperplasia is suggested in vein graftinduced intimal hyperplasia (27) , and stent thrombosis has been a serious concern after coronary stenting (28) . It has been shown that thrombi induce inflammatory cell accumulation and cytokine release that may perturb the structural integrity within the aneurysm (29) . Our recent finding that fbln-5 is a ligand for extracellular superoxide dismutase, thus regulating production of reactive oxygen species within the vascular wall, suggests a potential protective role of fbln-5 in endothelial dysfunction and thrombotic responses (30) . In addition, fbln-5 is potentially involved in positive regulation of the fibrinolysis pathway (V. Stepanova, personal communication) that may be attenuated in fbln-5 Ϫ/Ϫ vessels. The possibility that fbln-5 Ϫ/Ϫ vessels cause intraluminar flow that is favorable to thrombus formation also needs to be examined.
Cells within the neointima of fbln-5 Ϫ/Ϫ vessels were positive for ␣-SM actin, a marker for early SMCs, and weakly positive for calponin, indicating that these cells were highly synthetic. Polymerized eln transmits an antiproliferative signal for SMCs in vitro (7) , and an absence of eln enhances proliferation of SMCs in the subendothelial layer of vessels and accounts for early neonatal death in eln Ϫ/Ϫ mice (16) . Although the neointima in fbln-5 Ϫ/Ϫ vessels did contain elastic fibers, a significant difference in the morphology of neointimal elastic fibers suggests that fbln-5 participates in regulation of SMC proliferation by facilitating the assembly of a mature eln-rich matrix within the neointima to suppress overproliferation of SMCs.
We observed an increased thickening and hyperproliferation of the adventitia in fbln-5 Ϫ/Ϫ vessels. The involvement of adventitial fibrosis was proposed as one mechanism for restenosis, and up-regulation of various cytokines was detected in adventitial fibroblasts at early stages of vascular injury (31) . In addition, adventitial cells contribute to atherosclerotic lesions by differentiating into SMCs in vivo (32) . Up-regulation of fbln-5 in the adventitia at day 28 suggests that fbln-5 may be involved in regulation of the adventitial response to vascular injury. Alternatively, loss of fbln-5 may facilitate recruitment of bone marrow-derived progenitor cells to the injured vessel (33) .
Suppression of SMC Proliferation and Migration by fbln-5.
The underlying mechanism for an enhanced proliferative response to mitogenic stimuli in fbln-5 Ϫ/Ϫ SMCs appears to be distinct from that of eln Ϫ/Ϫ SMCs. Eln Ϫ/Ϫ SMCs show markedly reduced actin stress fibers and contractile proteins, indicating the alteration of SMC phenotype in the absence of eln (7) . In contrast, fbln-5 seems to modify the cellular response to mitogenic stimuli.
Several extracellular matrix proteins, including adiponectin, decorin, and vasorin, can antagonize the response of vascular cells to growth factors and cytokines by directly binding to them (34) (35) (36) (37) . Thus, it is reasonable to speculate that fbln-5 may bind extracellular ligand (s) and prevent them from binding to their receptors. Alternatively, fbln-5 may bind directly to growth factor receptors and block downstream signaling pathways. Further investigation will be required to test these hypotheses.
It is possible that fbln-5 acts as a signaling molecule. Previous studies (38) showed fbln-5 increased cell proliferation of HT1080 fibrosarcoma cells synergistically with TGB-␤1, and enhanced fibronectin-induced HT1080 migration and invasion). Fbln-5 has also been shown to bind integrins (␣V␤3, ␣V␤5, and ␣9␤1) in vitro and to mediate cell attachment in an RGD motif-dependent manner in endothelial cells (10, 39) . However, it has yet to be established whether fbln-5 can mediate signaling by means of cell-surface integrins. We failed to detect activation of integrinlinked kinase or focal adhesion kinase in fbln-5 Ϫ/Ϫ SMCs after overexpressing fbln-5 (J.A.S., unpublished observation), suggesting that fbln-5 may not act as an integrin-mediated signaling molecule. Integrin ␤3 Ϫ/Ϫ SMCs show decreased migration in vitro, and loss of ␣V␤3 expression on vascular cells can inhibit carotid artery ligation-induced neointima formation in vivo (40) . The opposite result from our current study suggests that the binding partner of fbln-5 is not limited to the ␣V␤3-integrin on vascular cells.
The results of the present study underscore the importance of the microenvironment during vascular development and diseases. Therapeutic strategies to alter the microenvironment of the injured vessel so as to suppress proliferation and migration of SMCs warrant further consideration.
